A fundamental study was conducted to develop a facility having an adequate air circulation system for growing healthy plants over a long-term under microgravity conditions in space. To clarify the effects of gravity on heat exchange between plant leaves and the ambient air, surface temperatures of sweet potato and barley leaves and replica leaves made of wet paper and copper were evaluated at gravity levels of 0.01, . The decrease in the boundary layer conductance with decrease in the gravity levels was more significant in a lower air velocity. Heat exchange between leaves and the ambient air was more retarded at lower gravity levels because of less sensible and latent heat transfers with less heat convection.
INTRODUCTION
Growth and reproduction of plants in space has recently been of greater concern as the possibility of realizing manned space flight over a long term increases. The feasibility of achieving long-term manned space missions is dependent on plants in controlled ecological life support systems (CELSS) that will play important roles in food production, CO 2 /O 2 conversion and water purification.
It is important to understand the effect of the space environment on the life cycle and genetic alteration in plants, not only for a better understanding the biology of plants but also for establishing a proper CELSS in space. The space environment that includes such factors as altered gravity and cosmic rays may affect plant growth in various ways, but there are few answers to these questions. A few space-flight experiments have attempted to test the effect of the space environment on plant reproduction and incidence of genetic aberrations. For instance, Arabidopsis thaliana and wheat plants grown in space were found to produce and develop flowers, but their flowers produced more sterile seeds than did ground control plants (Merkies & Laurinavichyus 1983; Mashinsky et al . 1994; Salisbury et al . 1995) . These experiments could not specify the cause for such failure in seed production. In relatively short-term space-flight experiments, it has been shown that the space environment causes chromosome aberration and changes in the cell cycle of plant cells (Krikorian 1996) . This may be due to either microgravity or increased cosmic rays in space or as a result of unfavourable growing conditions in the plant growing facility. However, we still do not know whether these alterations cause significant changes in the morphology and function of whole plants when grown in space for a long duration. These questions should be answered by long-term space-flight experiments.
Plant growth facilities have been developed for relatively short-term space-flight experiments (Duffie et al . 1995; Bingham et al . 1996) . To study the effect of the long-term space environment on the plant life cycle including reproductive growth and genetic recombination, we have to develop a growth facility with a closed chamber that enables plants to grow under microgravity conditions for a long duration.
In a closed chamber without any adequate air circulation modules, air movement will be extremely restricted compared with that under field conditions because of low convection. Insufficient air movement around plants decreases conductance for heat and gas transfer in the leaf boundary layer (Yabuki & Miyagawa 1970; Monteith & Unsworth 1990; Jones 1992) , which would result in suppression of plant growth and development.
On the earth, free convection can easily occur with uneven temperature distribution. Air movements are induced by convection even in a closed chamber with no forced ventilation system. However very little free convection would occur under a microgravity condition in space. The limited free convection would reduce plant growth by limiting heat and gas exchanges on plant leaves. The control of air movement in a closed plant production system is thus essential to enhance the heat and gas exchanges between plants and the ambient air, and consequently promote growth of the plants.
This research was a fundamental study to develop a facility having an adequate air circulation system for growing healthy plants over a long term under microgravity conditions in space (Kitaya et al . 2000a ). In the present study, leaf surface temperatures were observed under microgravity conditions in a parabolic aeroplane flight experiment to estimate the effects of microgravity on the heat and gas exchanges on plant leaves in space. The heat and gas exchanges of plants as affected by gravity levels higher than 1 g were also evaluated in the same experiment.
MATERIALS AND METHODS
A total of 30 parabolic aeroplane flights were carried out during a period of five days. All the components of the experimental system, including plants were constructed in a frame structure and fixed in the aeroplane. We used intact leaves of sweet potato ( Ipomoea batatas (L) Lam., cv. Beniazuma) and barley ( Hordeum vulgare L., cv. ChikurinIbaraki No.1) and replica leaves made of wet paper and copper (hereafter referred to as wet paper replicas and copper replicas, respectively) as specimens.
The shapes of the intact leaf and replica leaves were almost the same for each plant species. The thickness of intact leaves, wet paper replicas and copper replicas was 0.2 mm. The densities of the intact leaves were 820 and 880 kg m -3 , respectively, for sweet potato and barley. The heat capacity per leaf weight was 3.5-4.0 kJ kg -1 K -1 generally in plant leaves (Jones 1992) . The heat capacity per leaf area was estimated to be 0.57-0.66 and 0.62-0.70 kJ m -2 K -1 for intact leaves of sweet potato and barley, respectively. The heat capacity per area was 0.68 and 0.72 kJ m -2 K -1 for replica leaves made of copper and wet paper, respectively. The heat capacity per area was almost the same value for all the materials. With the exception of intact leaves all the materials were painted with black colour. The plants were preliminarily cultured on rockwool substrates in a hydroponic system for 1 month.
Thermal images of material surfaces were captured using an infrared thermography system (TH3102MR and TH31-110; NEC-San-ei Co., Tachikawa, Japan) as shown in Fig. 1a . In the system the temperatures of material surfaces were decided by detecting intensity of infrared radiation ranging 8-13 m m in wavelength from the surfaces according to the Stephan-Voltsman's radiation law. The materials were fixed horizontally using a net (10 mm mesh size) made from thin nylon threads (0.03 mm diameter). Surface temperatures of all the materials on the net were captured at the same time by using a 30 ∞ ¥ 28.5 ∞ lens of a camera in the thermography system. The spatial resolution of the captured thermal image including all materials shown in Fig. 2 was 280 ¥ 230 pixels. The minimum detection temperature was 0.2 ∞ C. The emissivity value was set at 0.93 for the system following Jones (1999) . An incandescent lamp (RPF, 150 W; Matsushita Electric Co., Kadoma, Japan) was used for lighting. The lamp was set at 0.3 m above the leaf surface. Irradiance was 260 W m -2 on the leaf surface. The atmospheric condition around the leaves was maintained at an air temperature of 26 ± 1 ∞ C and a relative humidity 15-20%. The air velocity above the materials was usually 0.2 m s -1 by an air circulation system in the cabin of the aeroplane without any additional air circulation fans. We used an additional air circulation fan for increasing the air velocity to 1.0 m s -1 . The air velocity was measured with an anemometer (Model 6071; Nihon Kanomax, Osaka, Japan).
The speed of temperature increase with additional radiative heat load on leaves was examined in sweet potato leaves as a preliminary experiment on earth as shown in Fig. 1b . The temperature measurement was carried out with an infrared thermometer installed in a commercial system for measuring gas exchange rates in leaves (CIRAS-1; Koito Industries Ltd, Yokohama, Japan). Irradiances of 50 and 100 W m -2 were additionally applied to the leaves with a metal halide lamp. The air temperature was kept at 20 ∞ C, the relative humidity at 60% and the air velocity above the leaves at 0.1 m s -1 . The air velocity was measured with a modification of the anemometer in a leaf chamber.
The transpiration rates of sweet potato and barley leaves and the evaporation rate of the wet paper replica were measured with the same system as described above for the preliminary experiment. The measurement was carried out at an air temperature of 25 ∞ C, a relative humidity of 40%, an air velocity above materials of 0.2 m s -1 and an irradiance of 100 W m -2 . The data were tested with analysis of variance and Fisher's test at a significant level of 95%. The least significant difference was used to determine significance effects of gravity levels on the surface temperatures of each material.
RESULTS
The leaf temperatures were 1.1 ∞ C lower than the atmospheric air temperature without light (Fig. 3) . Leaf temperatures increased just after lighting and reached equilibrium values 100 s after lighting under irradiances of 50 and 100 W m -2 . The leaf temperature increase for 20 s after lighting was one-half of the equilibrium value under each irradiance.
The transpiration rates of sweet potato and barley leaves were 4.5 and 4.0 mmol m -2 s -1 , respectively. The evaporation rate of the wet paper replica was 7.8 mmol m -2 s -1
. The copper replica showed no evaporation as a matter of course. Potential evaporation or transpiration rate per unit area was higher in the following order: wet paper replicas, intact leaves and copper replicas.
Different gravity levels were produced by the acceleration of the aeroplane during each parabolic flight (Fig. 4) . Unusual gravity levels of 2.0, 0.01 and 1.5 g were produced sequentially and lasted for 20 s each during a parabolic aeroplane flight. The gravity was 1.0 g when the aeroplane flew horizontally before and after the parabolic flight.
Figures 5 and 6 show the thermal images of sweet potato and barley leaves, respectively, for 20 s after exposure to each of the gravity levels of 1.0, 2.0, 0.01 and 1.5 g , respectively. The images showed a decrease in the leaf temperature with increasing gravity levels from 1.0 to 2.0 g and 0.01-1.5 g , and an increase in the leaf temperature with decreasing gravity levels from 2.0 to 0.01 g . The temperature variation with changing gravity levels was more significant at the central region than at the peripheral region of the leaf.
The temperature variations along transections on leaves showed that the central region had a 2-3 ∞ C higher temperature than the peripheral region in leaves (Fig. 7) . The temperature distributions were biased by the airflow direction. The greater temperature differences between the gravity levels of 1.0 and 0.01 g were clearly shown to occur in the central region compared with the peripheral region in the leaves. The maximum temperature increase was 1.9 and 1.3 ∞ C for leaves of sweet potato and barley, respectively, as the gravity level decreased from 1.0 to 0.01 g . Figure 8 shows the time courses of the mean surface temperatures of materials corresponding to gravity levels under two levels of air velocities. The leaf temperatures of sweet potato and barley decreased by 0.4 and 0.3 ∞ C, respectively, for 20 s after gravity levels increased from 1.0 to 2.0 g , and increased by 1.3 and 1.1 ∞ C, respectively, for 20 s after gravity levels decreased from 2.0 to 0.01 g . The leaf temperature increase was 1.0 ∞ C for sweet potato and 0.9 ∞ C for barley as the gravity levels decreased from 1.0 to 0.01 g . The temperature increases in wet paper replicas and copper replicas having the sweet potato shape were 1.9 and 0.7 ∞ C, respectively. As the gravity levels decreased from 1.0 to 0.01 g the greater temperature increase was shown in the following order: wet paper replicas, intact leaves and copper replicas. Replicas of barley leaves also showed a similar tendency. The higher air velocity lowered the surface temperatures of all materials (Fig. 8) . The higher air velocity also reduced the surface temperature differences among the different gravity levels.
DISCUSSION
Infrared thermographic methods have been applied to investigate heat transfer processes in leaves through measurements of surface temperatures of the leaves (e.g. Raschke 1960; Wigley & Clark 1974) . The recent development of sensitive infrared imaging systems having short response time enables precise analysis of leaf surface temperatures with high resolution (e.g. Jones 1999). The infrared thermography system used in the present experiment also had enough capability to detect spatial and temporal variation of leaf surface temperatures. The boundary layer conductance to sensible heat exchange ( g h ) on a dry surface is determined by the following equation according to Jones (1992) .
where R is net radiation at the surface, r a and C p are the density and specific heat of air and DT is the temperature difference between the surface and the ambient air. In the present experiment with the copper replica of the sweet potato leaf, the differences in DT were 12.3 and 13.0 ∞C, respectively, at 1.0 and 0.01 g at an air velocity of 0.2 m s -1 . The ratio of g h at 0.01 g to g h at 1.0 g was 12.3/13. Then the boundary layer conductance to sensible heat exchange decreased by 5% when the gravity decreased from 1.0 to 0.01 g at the air velocity of 0.2 m s -1
. In like manner, the ratio of g h at 0.01 g to g h at 1.0 g was 8.7/8.9 at the air velocity of 1.0 m s -1 and the boundary layer conductance decreased by 2% when the gravity decreased from 1.0 to 0.01 g. The decrease in the boundary layer conductance with decrease in the gravity levels was more significant in a lower air velocity.
The surface temperature increase was greater in the order, wet paper replicas, intact leaves and copper replicas as the gravity levels decreased from 1.0 to 0.01 g (Fig. 8) . The order of the temperature increase corresponded to the order of the potential transpiration rates. This means that lower gravity levels would suppress vaporization and thus latent heat transfer as well as sensible heat transfer.
The results of the present experiment show that microgravity increases leaf temperatures because sensible and latent heat exchanges between leaves and the ambient air is retarded under the microgravity condition compared with that under the 1.0 g condition. Since stomatal apertures showed no microscopic changes for 20 s, a decrease in conductance in the leaf boundary layer under lower gravity levels would cause less transpiration and thus less latent heat loss. The increase in leaf temperatures was at most 1.9 ∞C for sweet potato leaves over 20 s as gravity decreased from 1.0 to 0.01 g. The increase in the equilibrium value of the temperature if low gravity conditions are prolonged is expected to be about 4 ∞C according to the results of the preliminary experiment (Fig. 3) . Higher radiation and lower air velocity would make the temperature increase greater in space. Excess leaf temperature would disorder the leaf physiological processes such as photosynthesis. Low net photosynthetic rates would retard plant growth at vegetative stage and reproductive stages. An excess temperature in a reproductive organ could also cause fertility impediments.
The higher air velocity above leaves reduced differences in the leaf surface temperature at the different gravity levels (Fig. 8) . The control of air movement is shown to be important to enhance the heat and gas exchanges between plants and the ambient air, and consequently promote growth of plants in a closed plant production system especially with a large number of plants at a high density (Kitaya et al. 2000b) . Proper control of air movement therefore would be essential to enhance the heat exchange between plants and the ambient air and thus promote growth of healthy plants under microgravity conditions in space.
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